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(57} ABSTRACT

Uranium formations are assayed by prompt fission neu-
tron logging techniques. The uranium in the formation
is proportional to the ratio of epithermal counts to ther-
mal or eqithermal dieaway. Various calibration factors

- enhance the accuracy of the measurement.

4 Claims, 7 Drawing Figures
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- the uranium concentration in the ore.

- METHOD OF ASSAYING URANIUM WITH
- PROMPT FISSION AND THERMAL NEUTRON
BOREHOLE LOGGING ADJUSTED BY
BOREHOLE PHYSICAL CHARACI‘ERISTICS

“The U S. Government has rights 1n this invention

4,350,887

_ pursuant to Contract No. DE-AC04-76DP00789 and

modlﬁcatlons between the U.S. Department of Energy .'
16

and Western Electne Company, Incorporated.
' BACKGROUND OF THE INVENTION

| Thls mventren is in the area of assaymg uranium in
| formatlons traversed by a borehole. In particular, the

~invention relates to a method for improved uranium

15

- assay empleymg data from prompt fission neutron bore-

hole logging, data from the measurement of formation
| ._densﬂ:y and data from other formation characteristics.

In the art of assaying earth formations for uranium

deposrts several methods have been utilized. The most
direct, time consuming, expensive and accurate method

20

is to obtain a core of the earth formation and subjeet 1t N

* to a laboratory analysrs

In order to decrease the tlme and expanse mvolved 1n

' -obtammg a uranium assay, nuclear methods have been

25

‘utilized in a borehole traversing the formation. One

early method measures the natural gamma radiation.in

the borehole emitted by uranium decay products in the

formation. This method is subject to many interferences

‘and is not relied upon by industry for quantitative data.

Alternative logging techniques have been developed

~ to obtain more reliable assay data. An analysis presented -

“in a paper by Jan A. Czubek entitled “Pulsed Neutron
~ Method for Uranlum Well Logging,” Geophysics, Vol-
ume 37, No. 1, February 1972, pages 160-173, disclosed

35

that when a formation containing a uranium ore is irra- -

diated with fast (14 MeV) neutrons, the formation mod-

erates the fast neutrons to become thermal (less than 0.4
o eV) neutrons. This thermal neutron flux induces fission
- in 235U, producing more neutrons with a fission spec-
trum that are designated as prompt fission neutrons
-(PFN) These neutrons may be measured when their %
‘energy is in the epithermal range. The amplitude of the

eplthermal neutron flux was stated to be proportional to

The Czubek model assumed an 1sotrep1e point source

of neutrons, spheneally symmetric geometry, a uniform

matrix of uranium in the host formation, and a coinci-
- dent source and detector. The expression for the re-
= -.sponse of a detect or ef epithermal neutrons, R.E is

Re —ngnhdtaﬂ/ (EA)2

) where g is the amount of uranium (expressed as percent'
- by weight), k is a collection of physical constants, Qpis

2

Initial attempts at log interpretation consisted of ap-
plying the Gzubek expression for R¢ to PFN data. For-
mation properties and probe operating properties such
as detector characteristics, neutron generator output,
etc. were estimated. These results were not satisfactory,
with the grade implied by the calculated detector re-

sponse being much less than the actual uranium grade,

because the estimates of probe characteristics were not
Very accurate.

In an article entitled “Prediction of Time Dependent
Neutron Fluxes Encountered In Pulsed Neutron Ura-
nium Logging Experiments” in Nuclear Technology,
Volume 31, page 133 (Oct. 1976), J. Renken suggested
that a ratio of epithermal to thermal neutron fluxes
should be less sensitive to trace neutron absorbers that

- affect direct PFN measurement. Calculations to sub-

stantiate this suggestion were published at page 119 of
Transactions of the American Nuclear Society, 1976 Inter-

‘national Meeting, November 14-19, 1976 by J. H.

Renken entitled “Minimization of Neutron-Absorber
Effects In Pulsed-Neutron Uranium Loggmg ” One of
the rationales behind this model can be seen from the

fact that Czubek’s thermal detector response would

have many of the same uncertainties in probe character-
istics which made application of the epithermal re-
sponse formula unsuccessful. Consequently, the ratio of
the two responses would cancel out many of these fac-
tors. This technique is callwed the “counts ratio”

 model.
30

The hardware utilized in the application of this model
is described in detail in Sandia Laboratories energy
report SAND77-0300, February 1977 (available from
DOE Technical Information Center, P.O. Box 62, Oak
Rldge Tennessee 30830). Much of this hardware is also

used in the present invention.

The counts ratio model was calibrated usmg the

 gamma ray calibration uranium test pits at the USDOE

50
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~ a function of the neutron source output distribution, hg |
. is a function. of the neutron detector characteristics, pis

- the formation densrty, Z 4 is the formation macroscopic
~ thermal absorptlen cross section, and tgis the slowing- -

down time for neutrons of 14 MeV energy to epithermal
energies. The Czubek relationship for the response of a
,thermal detector under the same assumptlons 1S given

by
Re ki dQn/(EA)z-i-

. where the pnmed quantltres are analogeus to those
- defmed above | |

facility in Grand Junction, Colorado. However, on field
data it produced inconsistent results. One of the reasons
offered for the inconsistency of the counts ratio model

‘was that the “thermal neutron” response being detected

was actually gamma rays produced from the 28Si(n,y)
thermal neutron capture reaction. The number of gam-

- mas so detected could vary with the content of silicon
45

or other high-energy gamma ray emitters in the forma-
tion. These variations in the.gamma ray production
cause variations in the ratio that are not due to uranium
concentration changes. |

~In U.S. Pat. No. 4,180,730 of Givens at al, a method
of assaying for uranium in formations traversed by a
borehole is disclosed and claimed in which the forma-
tion of interest is cylically irradiated by bursts of fast
neutrons; the thermal and epithermal neutron fluxes
measured during a time period when they are expected

to be detected; and a ratio of the measurements of the

thermal and epithermal neutron fluxes developed to

give an indication of the concentration of uranium.

Givens employs analog measurement of the epither-
mal neutron counts and thermal neutron counts and
uses analog techniques to obtain the ratio. The patent
discloses the cyclic pulse rate of the neutron generator

- to be 1,000 pulses per second, leaving a spacing between

635

each pulse of enly one millisecond. Because this cyclic

-neutron pulse rate is so rapid, thermal neutron counts do -

not have sufficient time to return to background levels
between pulses.

It has been discovered that knowledge of borehole
size and earth formation factors is important for obtain-
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ing accurate uranium assay information using prompt

fission neutron borehole logging. In particular, the
point-by-point variations in the diameter of the bore-
hole and point-by-point variations in earth formation

factors, such as density and moisture content, are signif-
icant factors in obtaining accurate uranium assay infor-
mation. Previously, these factors have been simply 1g-
nored or roughly averaged, thus compromising the
accuracy of the results.

U.S. Pat. No. 4,209,694 to Mills disclosed a new log-
ging procedure designwed to account for inaccuracies
in Givens’ patented ratio technique. This procedure
involves logging a series of test holes having known
concentrations of uranium ore and borehole diameter,
taking the ratio of epithermal to thermal fluxes therein
and using regression analysis to determine a correction
factor that may be used to account for borehole effects
from a field measurement.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a neutron
borehole logging method for obtaining uranium assay
information utilizing epithermal or thermal neutron
count dieaway in a ratio with epithermal neutron counts
integrated over an analysis window, where dieaway is
the characteristic mean lifettime of the exponential
decay of the neutron populations arising from cyclical
‘neutron irradiation of the formation.

Another object of the invention is to provide an im-
proved method for assaying uranium using neutron
borehole logging whereby factors relating to borehole
diameter and formation density and moisture content
are accurately taken into consideration.

It 1s another object of the invention to provide a
‘method wherein data from neutron borehole logging,
utilizing epithermal neutron counts and thermal neutron
dicaway in a ratio, are merged with physical properties
of the borehole to yield highly accurate assay informa-
tion.

Additional objects, advantages and other features of
the invention will be set forth in part in the description
which follows and in part will become apparent to those
skilled in the art upon examination of the following, or
may be learned by practice of the invention. The objects
and advantages of the invention may be realized .and
attained by means of the instrumentalities and combina-
tions particularly pointed out in the appended claims.

To achieve the foregoing and other objects and in
accordance with the purpose of the present invention,
as described herein, a neutron logging method is de-
scribed for obtaining accurate uranium assay versus
depth information for each logging point in neutron
borehole logging. The method may take into consider-
ation such factors as borehole diameter, formation den-
‘sity, and moisture content on a point-by-point basis in
the borehole. Preferably, the formation is subjected to
PFN borehole logging which provides a ratio of epi-
thermal neutron counts to thermal neutron dieaway.
Unlike Givens et al, neutron bursts from the neutron
generator are spaced sufficiently far apart in time to
allow thermal neutron counts to return to background
levels between successive pulses. For each logging
point a ratio of epithermal neutron counts to thermal
neutron count dieaway is derived. Uranium assay ver-
sus depth information is obtained by computations per-
formed on the ratio for each logging point. Although
this basic method is useful, further accuracy is achieved

10

15

20

25

30

35

40

45

50

3

65

4

by adding correction factors derived from the physical
parameters of the borehole and formation.

In summary, employing the method of the invention,
numerous benefits and advantages are obtained. By
taking into consideration borehole diameter and forma-
tion density and moisture content on a point-by-point
basis in the borehole, more accurate uranium assay
versus depth information is obtained from neutron bore-
hole logging. By obtaining thermal or epithermal diea-
way data, uranium assay versus depth information is
obtained with near insensitivity to variations in forma-
tion porosity and associated moisture content.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated in and form a part of the specification, illustrate an
embodiment of the present invention and, together with
the description, serve to explain the principles of the
invention.

FIG. 1 shows a block diagram of the hardware of the
invention. -

FIG. 2 shows the variation with porosity of epither-
mal counts and thermal dieaway.

FIG. 3 shows counts recorded during a logglng inter-
val.

FIG. 4 shows the diameter correctlon factor for a
waterfilled borehole.

FIG. § shows the dlameter correction factor for an
airfilled borehole.

FIG. 6 shows data and smoothing of diameter and
density measurements.

FI1G. 7 shows the determination of the calibration
factor S. |

DETAILED DESCRIPTION OF THE
1. INVENTION

This invention includes a hardware configuration and
a relationship for calculating the grade of uranium (or
other fissile material, such as certain isotopes of pluto-
nium) from data collected with the hardware.

FIG. 1 shows the hardware through which this in-
vention allows the in situ investigation and assaying of
uranium mineralizations (10) in earth formations which
have been traversed by a borehole (11). A probe (12) is
lowered down the borehole on a logging cable (17). The
components of the probe include a neutron generator
(13) comprising a Penning-discharge ion source, an
ion-source control circuit, an accelerating section, and a
high voltage pulse transformer. An accelerating voltage
of 100 kV to 130 kV is obtained from the pulse trans-
former by means of a pulse generating energy storage
circuit (14). This latter circuit converts the input volt-
age of 500 V to approximately 1,000 V and pulses this
stored energy to the transformer in response to a trigger
signal from the uphole control équipment. The neutron
generator produces neutrons of approximately 14 MeV
energy by the D-T and T-D nuclear reactions. Neutron
bursts are approximately 10 microseconds in duration
and produce 10° neutrons per pulse.

To detect prompt fission neutrons in the epithermal
energy range, a cadmium-wrapped 3He-filled propor-
tional counter (15) is used. Reuter-Stokes, Inc. is one
commercial manufacturer of this device. To prevent
overloading of the detector during the source neutron
burst, the bias voltage is held at a value below the pro-
portional multiplication level of the detector. Since the
response to the source pulse is dissipated in about 200
microseconds after the burst, the bias voltage is in-



o 5
creased to its proper level at the end of the 200 micro-
“second period, so the detector is available to collect
valid counts. The detector is biased for counting until
2,500 microseconds after the source burst.

The dieaway of the thermal neutron flux in the for-
mation may be monitored by the gamma rays produced
from the ZBSI(n,'y) reaction. This reaction produces
gamma rays in the energy range 3.5 MeV to 5.5 MeV

~ from the absorption of thermalized source neutrons.

Other gamma rays may be produced by absorption
- reactions with other formation elements. The thermal
neutron detector (16) is a Nal crystal directly coupled
to a photomultiplier tube and is a commerelally avail-
-able product of Bicon Corporation. By using a 3.3 MeV
“threshold on the thermal neutron detector circuit, the

2.2 MeV gammas from hydrogen in water can be re-

- jected. Because silicon is the dominant component of
~-most earth formations, other elements which produce
gamma rays above 3.3 MeV will not result in significant
spunous signals to affect the results. |
‘Streams of pulses representative of detected neutrons
- are sent from the detector amplifier circuits (31 and 32)
| '-up conductors (28) of the logging cable (17).
- Surface equipment includes control module (41), data
| acqulsltlon module (51), and the data storage device
(61). The control module includes power (42), timing

- through a conductor (29) by a regulated power supply

~ (42), set at a value which compensates for the losses in
- the logging cable. Timing module (43)is a 1 to 100 pulse

- per second variable rate pulse generator that triggers
~ the neutron generator and the data acquisition module.

. The two signal pulse streams from downhole are passed
~ unaltered into the data acquisition input, but they are
-~ gated by module (44) to remove early-time noise for

~display on the uphole recorder (48) to provide an on-

- site indication that data is being properly received.

 Data acqulsmon is done by means of 'a Nuclear Data
~Model ND-100 Muitichannel Analyzer (MCA) or

equivalent (51), Operated in the multiscaling (MCS)

10

15

20

25

 (43) and signal conditioning/observation (44) modules. -
~ The 500 V power to the downhole probe is supplied

30

35
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On receipt of a “data dump” signal, the buffer mem-
ory is dumped through the MCA onto the data storage
device and is reset. Additional factors pertaining to the
data are added to the record which was accumulated. A

- serial number (called the tagword) is added to identify

the particular 20 second period over which data were
collected. In addition, time of day, date and identifier

~(such as borehole identification, PFN probe number,

etc.) are recorded. The entire record, consisting of the
header information, the epithermal data and the thermal
data is then written onto magnetic tape (61) for analysis
by either an on-site computer or a central computer
(71). -
By varylng such parameters as neutron ‘generator
pulse rate and detector gate periods, the aforemen-
tioned equlpments some of which are described in more
detail in the aforementioned SAND77-0300, can make
practically all PFN measurements including the direct
measurement of Czubek and the epithermal to thermal
(counts ratio) measurements of Renkin, Givens and

Mills. However, to improve the accuracy of the mea-

surement, means to interpret the data have been devel-

- oped in accordance with the invention.

The basis for this invention was empirically derived
and verified by computer calculations as depicted in

FIG. 2. The epithermal response (i.e., integrated epi-

thermal counts) and thermal dieaway time have both
been separately normalized at zero porosity in this Fig-
ure. Both responses track over a wide range of p0r051ty
in the formation. Consequéntly, for constant uranium
concentration, the ratio of epithermal counts (Coe) to

thermal dieaway (7¢) is apprommately constant over the

porosity range. Whereas variations in C¢ may be due to
a number of factors, changes ‘the ratio C¢/T74 are
limited largely to changes in uranium content. The
counts/ dleaway model can be related to the product

R4, terms in the Czubek expression given previously.
In order to normalize the model to proper neutron flux,

the neutron generator output is used explicitly. The

‘counts/dieaway model has been calibrated at USDOE

- Fission Neutron Model test pits at Grand Junction and

mode. Data input is handled by two zero-dead-time

 buffers (52) of the MCA. This system allows both the

‘epithermal and thermal 51gnals to be accumulated on a’

time-resolved basis and to be transferred through the

- MCA to the data storage device (61). Functionally, the

buffers each consist of two counters with a switching
circuit on the input. While data are being accumulated
in one counter, the other is dumping to the buffer mem-
ory. The “zero-dead-time” feature means, effectively,
“that no data are lost, because the sw1tch1ng time from
one counter to the other occurs in about 10 nanosec-
onds. Data are accumulated in one of the buffer count-
ers for the length of an MCS dwell time and are then
| dumped into a single buffer channel. The second
counter meanwhile has begun accumulating data which
‘it dumps into the adjacent buffer channel at the end of
the next dwell time. Dwell times are switch-selectable.

~ Currently, data are accumulated for 50 microseconds
per channel, and the buffer memory is partitioned into

64 channels for the epithermal and the thermal s:gnals,
-giving a possible analysxs window of 3,200 microsec-

~‘onds. As discussed heremafter, the actual window uti-

43

50

23

has demonstrated much better field data than has the

counts ratio model.

As discussed in conjunction with FIG. 1, data from
the PFN probe are collected and stored in a counts-vs-
time format. Each data record contains the time-
resolved epithermal and thermal counts, representing
accumulated counts over the data acqulsltlon interval.
This interval (called the data pump time) is preset ac-
cordmg to the depth traveled by the probe while log-
ging. For a typical travel distance of 0.15 meters at a
logging speed of 0.5 m/min, the acquisition time is
about 20 seconds. FIG. 3 shows a typical measurement
‘where each data square represents the total number of
thermal counts recorded in a 50 us data channel for all

-neutron bursts which occur during the 20 second per-

10d. |
Typical uranium deposits provide average pulse rates

‘of the order of ten per second for epithermals and 75 per

second for thermals. Peak rates are typically 100 counts
per second for the epithermals and 150 cps for the ther-

- mals. If neutron generator (13) provides 100 pulses per

lized in the measurement is only a portion of the inter-

val. After all buffer channels have been addressed, the

- next neutron pulse starts the procedure again. Counts

~ are accumulated in each channel for each neutron pulse
| that occurs over the data acqulthH time. |

65

second, the maximum number of counts per pulse is

about 1.5 per channel. Counts are typically measured
over a 20 second interval during which probe (12) has
moved approximately 6 inches.

Data are sent uphole over the logging cable as pulse

streams. Since strandard 4HO logging cable has twisted
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conductors of high electrical resistance, its transmission
properties are not very satisfactory. The effect of poor
transmission characteristics is to stretch pulses and in-
crease dead time. Additionally, the downhole detector
circuits also-have inherent resolving times which pro-
vide a limit for the minimum detectable pulse. Measure-
ments on various models of the PFN probes have

shown resolving times of the order of 7-15 microsec-

onds, measured uphole at the inputs to the data acquisi-
tion instrumentation.

The formula by which counts in a data channel are
corrected for system dead time 1s a modification of the
standard relationship n'=n/(1—nt), where n’ is the
corrected count, n is the observed count, and t is the
resolving time. The modifications to the formula reflect
the repetitive nature of data acquisition by including a
term which describes the actual data acquisition proce-
dure. Since data are collected for “Tpp’”’ seconds, the
length of the data dump interval, and there are 100
acquisition periods per second, each of 50 microseconds
duration, the term nt i1s reduced by the factor
50%100%¥Tpg. Thus, the dead time correction is
n'=n/(1—-nt/5000*T pp).

Because of the poor transmission qualities of the 4HO
cable, pulse rates greater than 30 kHz cannot reliably
the acquired uphole. A 30 kHz pulse rate means 0.03
pulses per microsecond, or 1.5 pulses per 50 microsec-
ond data channel. For a neutron generator rate of 100
bursts per second, the count limit per channel per sec-
ond 1s 150. This criterion is used to reject data channels
with high count rates. Therefore, the computer that
compiles counts vs. time data is programmed by con-
ventional techniques to utilize data channels having
total counts less than approximately 3,000 (150 counts/-
sec X 20 seconds) to determine the dieaway as discussed
hereinafter, and then to use the dieaway, which is the

- slope of the data, to compute a corrected data count for

data intervals along the slope.

The correction for poor transmission quality may also
be overcome by using high-frequency-response cable.
Such cable has a higher count-rate limit, so the correct
count may be measured over the entire time.

The analysis window is taken to extend from the
starting channel to the channel where the conditioned
data first are zero. For thermal neutrons, the start chan-
nel is 550 microseconds after the burst, and the end
channel is about 1,250 microseconds. For epithermal
neutrons, the start channel is 350 microseconds and the
end channel 1s at about 1,250 microseconds.

As noted above, the dieaway is the slope of the
counts vs. time curve shown in FIG. 3. The conditioned
data are used to fit an exponential to describe the diea-
way by conventional techniques such as a variance
minimization algorithm. The function fitted is

- e=Z(p(i) — Aexp(—Bt(D))*/»0.

The numerator 1s proportional to the variance of the fit
to the data, while the denominator is a weighting factor
used to assure that the variances are the same for all
values of the independent variable (t). Assuming Pois-
son-distributed data, the weighting is the standard devi-
ation Vy; thus, minimizing (¢/0)?=((y —AexpBt-
)/ V'y)2 gives the above equation. The fitting parameter
B 1s the inverse of the mean lifetime, or dieaway, of the
distribution.

Since the flux of epithermal neutrons is directly pro-
portional to the flux of thermal neutrons from the burst,
the slope of epithermal and themal curves is identical,
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and dieaway may be determined from either. However,
as there are more thermal neutrons than epithermal

neutrons, the measurement 1s most easily made from
thermal neutron count.

The total number of counts, Ce, 1s found by summing
the actual counts in the analysis window. Comparisons
are made with the “fitted integral,” the equivalent num-
ber of counts calculated by using the exponential for-
mula over the analysis window. When channels have
been rejected due to too high a count rate, the fitted
integral is used instead of the actual sum of counts.

The counts/dieaway model is given by the relation-
ship
g=38(Ce/T)/(Q*Tpp* DF(D,w)*py).

The thermal dieaway, €74, 1s calculated as outlined
above, and the terms Q and T pp provide normalization
for the neutron generator output. DF(D,W) is the diam-
eter correction factor while py1s the density of the dry
(solid) formation components.

To normalize the model to account for varying num-
bers of neutrons irradiating the formation, the epither-
mal response 1s divided by an estimation of the neutron
output Q. The output of the neutron generator, in neu-
trons per second, 1s determined by placing a neutron
detector in the vicinity of the generator under test and
applying conventional measurement techniques. This
number is considered to be a constant for the duration
of the log. Since data dumps are triggered on depth, the
length of the data dump interval Tppis also a factor in
calculating the number of irradiating neutrons.

Data for the formation density and diameter calcula-
tions are obtained with a commercial gamma-gamma
(gamma backscatter) and caliper logging probe. A typi-
cal probe which may be used for this measurement is
the Comprobe model 2104. The caliper measurement
utilizes a one-arm system in conjunction with the den-
sity measurement. The latter uses two detectors at dif-
ferent spacings from the gamma source to allow for
compensation for borehole effects.

The caliper device has a spring-loaded arm which
translates extension into a signal which can be expressed
as a diameter, after calibrating the arm extension with
suitable standards. The arm also serves to force the
probe against one sidewall for the gamma-gamma mea-
surements.

The gamma-gamma portion of the probe consists of a
137Cs source of gamma rays and two detectors spaced
different distances from the source. The purpose of the
dual spacting is to use the fact that the near-spaced de-
tector is more sensitive to backscatter from nearby for-
mation volumes, while the far-spaced detector responds
to a bigger volume. Consequently, information from the
near-spaced detector can be used to compensate for
extraneous signals (such as mudcake) in the total signal
of the far-spaced detector. In like manner, the natural
gamma detector provides a signal which can be used to
remove gamma ray background. There i1s a large dis-
tance between the natural gamma detector and the den-
sity detectors, on order to isolate the natural gamma
detector from the density gamma source. Data accumu-
lation 1s done in similar fashion to PFN, so there is a
depth associated with each data dump, and each chan-
nel of the data record represents values at a specific
depth.

If gamma-gamma and caliper data have been col-
lected, borehole diameter and ‘“‘compensated” density
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- are calculated for the formation. The ° compensatlon
~ aspect of the density calculation is a correction for

borehole dtameter, the presence of mudcake on the

‘borehole wall, and for natural gamma background in

the formation. The theory for this calculation was pres-
‘ented in a paper by J. H. Scott, SPWLWA 18th Annual |

Loggmg Symposium, June 1977. -

Because diameter and densny data fluctuate as shown
in FIG. 6, a smoothing routine is used to make the data
more tractable. Smoothing is done with a conventional
‘technique such as a cubic spline fit in which the good-
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~ness-of-fit to each pomt is controlled by a weighting |

__' factor.

~ The dtameter correctton factor is emplrlcally derived
- from test pit. data. The PFN responses for wet and dry
~ holes for a 2.5 inch diameter probe are shown in FIGS.

~ 4 and 5, normalized to a 4.5 inch borehole. In general,

4,350,887
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correction factors are expressed in terms of certain

“standard” values. Diameters are normalized to 4.5
inches (the standard-diameter borehole used by DOE);
the formation correction factor is normalized to 0 po-
rosity (i.e., a bulk density of 2.65 for sandstone), and 100
percent water saturation. Thus, the correction compo-
nents -

T/(Q*Tpp* DRD.w)*p)

include the normallzed function DF whose argument 1S
the actual diameter. The entire model therefore remains

“uncalibrated without the scale factor S.

‘The Grand Junction Fission Neutron Model test pits

~at Grand Junction, Colorado, are concrete structures

15

‘there was a much greater change in response in water- -

N ~ filled holes than in dry ones. At the largest borehole

- diameter there was also a significant spread in response
“depending on whether the probe was centered or not.
The Figures indicate the correction when the probe
'-touches the borehole side, the typlcal srtuatlon in the
field. |

By conventlonal mathematloal analy51s wet-hole
data were fitted best by a cubic spline, while dry-hole
data were fitted by a linear function. Cubic spline tech-

_niques are a common statistical method, one example of

which is explained in Elementary Numerical Analysis:
- An Algorithmic Approach by Conte, et al. FIG. 6 shows
smoothing of typical diameter and density data. For
ease of analysis, an exponential fit of the form DF =e—-
(A*diameter) has been used for the wet data. The solid
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with. various uranium grades (A-Model Pits 1-4), or
with various density, porosity, or absorption properties
and approximately the same uranium grade (A-Model
Pits § and 6), or with various borehole diameters (the

D-Model Pit). The fluid saturation in the concrete has

been determined to be 90 percent. Using these density,
saturation and borehole diameter data, a grade estimate
for each Model borehole can be determined. The esti-
mated grades for each test pit are compared with the
reported values to produce a difference function. The
slope of this function is the calibration scale factor. The

- calibration scale factor may then be graphically or ana-
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curve in FIG. 4 is the spline fit, while the dashed line is
an exponential fit to the values estimated by the spline

E fit. For borehole diameters between 4.5 inches and 11

inches, the exponentlal fairly aocurately estimates the

- borehole, holes this size are smaller than the PFN probe
~ can safely log, and would ordinarily not be used.
As indicated by thwe formula, the PFN data and
.dlameter-densrty data are both used in the uranium
- grade calculation either using average values for the
- diameter and bulk density, or by merging individual
- PFN data with diameter and density data measured at
- the same depth, thereby calculating the grade on a
point-by-point basis. Output of these codes is conve-
- niently presentable in the form of llstlngs of grade-vs-
depth or plots of the same. |
Grades may: be calculated for each pomt for which
_PFN data have been taken. The result is an estimate of
‘the grade averaged over 15 cm intervals. The volume
from which the PFN signal is detected varies with

- formation properties, but is a sphere of approximately
60 cm diameter. The grade-thickness product above a

35
o data. Although the greatest discrepancy is for the 3inch
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- specified cutoff may also be calculated. Grade-vs-depth

‘plots are more informative for showing uranium distri-
bution, but the grade-thickness product is often a better
measure of agreement with chemical core assays or of

: '_ economlc uranium content.

- As'was outlined prev1ously, grade estlmatron rnodels
| ,are calibrated against test pit data by postulating a

- model and calculating a calibration scale factor S. As an

~example of this procedure, such a postulated model
could be the ratio of epithermal counts to thermal diea-

‘way with an exponential form for the diameter correc-

 tion factor. The components used to construct a model
- consist of parameters for which actual values are known
~ (i.e., the borehole diameter, bulk density and grain den-
srty, and water saturation, data dump time, etc.), and
~functions whlch have been normallzed The various
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lytically determined. As an example of such a calibra-
tion, the plot for the counts/dieaway model in wet or

-dry boreholes 1s given in FIG. 7.

The particular sizes and equipments discussed above
are cited merely to illustrate a particular embodiment of
the invention. It is contemplated that use of this inven-
tion may involve different equipments and techniques as
long as the principal of logging uranium with a ratio of
epithermal counts to epithermal or thermal dieaway is
followed. It is intended that the scope of the invention
be defined by the claims appended hereto.

We claim:

1. A neutron logging method for assaying uranium
formations traversed by a borehole comprising:

(a) obtaining at a plurality of logging points borehole
~log data defining prompt fission neutron counts and
‘thermal neutron counts;

~ (b) determining the dieaway of either sald prompt
fission neutron counts or said thermal neutron
counts at each loggmg point; and

(c) producmg uranium assay information at each log-
ging point from the ratio of said prompt fission
neutron count to said dieaway.

2. The method of claim 1 including the additional

steps of:

(d) obtaining at said plurality of logging points a
second set of borehole log data defining physical
characteristics of said borehole and said formation;

- (e) wherein said uranium assay information is pro-

- duced from said ratio and said second set of log
data. |

3. The method of claim 2 wherein said borehole log

data is obtained by generating a burst of 14 MeV neu-

trons which decay to thermal energy levels and detect-

-ing epithermal prompt fission neutrons emitted by ura-
- nium interacting with said thermal neutrons. |

4. The method of claim 3 including the additional step

of:

determmmg a calibration of the output of said neu-
tron generator wherein said uranium assay infor-
~ mation is produced from said ratio, said second set

of log data and said calibration value.
% %k %k %k %
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